Harvesting energy from ambient vibration sources is challenging due to its low characteristic amplitude and frequencies. In this purpose, this work presents a compact hybrid vibration converter based on electromagnetic and magnetoelectric principles working for a frequency bandwidth and under real vibration source properties. The combination of especially these two principles is mainly due to the fact that both converters can use the same changes of the magnetic field for energy harvesting. The converter was investigated using finite element analysis and validated experimentally. Results have shown that a frequency bandwidth up to 12 Hz with a characteristic resonant frequency at 24 Hz and a power density of 0.11 mW/cm 3 can be reached.
Introduction
The increase of wireless sensor systems, is requiring nowadays more and more technologies to provide and ensure sufficient energy. A good alternative for battery use is to harvest from ambient sources and especially from vibration source, which presents one of the promising sources due to its availability in indoor and outdoor application and its relatively high energy density [1] .
In this case, the converter can be designed based on one of the four possible principles, which consist of electrostatic [2] , piezoelectric [3] , electromagnetic [4] and magnetoelectric [5] principles to convert the applied vibration to electrical energy. The main challenges for such converter design can be summarized in mainly three aspects, which are the limited energy level, the limited working frequency range and the converter size.
Considering that, for the piezoelectric principle, it can ensure the compactness but it has limited life time due to the edging effect of the piezoelectric material and limited working range frequency. For the electrostatic, the power output level is limited and its implementation is complex. For the electromagnetic, a relevant output power can be ensured but it presents one of the bulkiest principle and for the magnetoelectric, it has also the advantages of being compact but the output power is still limited.
Several approaches have been proposed in literature to overcome the limitation of each principle. One of the promising solutions is to design hybrid converters, where two principles are combined. In [6] , hybrid piezoelectricelectromagnetic based cantilever beam structure is proposed. In this case, the electromagnetic converter is placed at the end tip of the cantilever. This structure enables to enhance the characteristic working frequencies compared to the piezoelectric converter, where the frequency is well characterized by the cantilever size and geometry. The main limitation is that the converter is still resonant and also the implementation of such converter is challenging in real application.
Further, in [7] , an hybrid magnetostrictive-inductive converter is proposed, where the compactness aspect is investigated. The authors achieved a challenging size for the converter, which is limited to the AA battery size nevertheless, the improvement of the output power is too limited compared to the single inductive converter since the output power through the magnetostrictive converter is limited to 5.5 nW. In [8] , a hybrid converter based electromagnetic-magnetoelectric principle is developed. The main advantage of the proposed converter is that it can work for a frequency bandwidth up to 7 Hz but the converter has a total volume of 192 cm 3 , which presents a bulky system to be implemented to power wireless sensor systems.
Based on the state of the art, this paper presents a solution, where a compromise in term of compactness, energy output and frequency bandwidth is investigated considering ambient vibration source properties, which consist of a low amplitude limited to 1 mm of displacement and low frequency in the range of 10 Hz to 30 Hz. The proposed solution is based on a hybrid converter based electromagnetic and magnetoelectric principles.
The paper is organized in mainly 4 sections. As first, the working principle of the proposed converter is described in detail. In the second section, the converter is investigated based on finite element analysis. After that, the converter is evaluated experimentally.
Working principle
The proposed converter is based on two principles, which consist of the electromagnetic and the magnetoelectric (ME) principles (Fig. 1 ). For the electromagnetic principle, it consists of generating energy due to a relative movement between magnets and coil placed relative to each other occurring due to an applied excitation based on Faraday's law.
For the ME principle, it results on the generation of energy due to the presence of a magnetic field variation. It is mainly the combination of two effects, which are the Joule and the piezoelectric effect.
Actually, the ME principle is based on the use of a ME transducer, formed with magnetostrictive (MS) and piezoelectric (PE) layers bonded together, which is placed on a magnetic field environment. Due to an applied excitation, a magnetic field variation will occur, which leads to the deformation of the MS layers based on the Joule effect. Hence, the created strain through the MS layers is transmitted to the PE layer as an applied stress. With respect to the PE effect, an electric energy is generated through the PE layer subjected to the stress. The ME transducer has the size of 7 mm, 4 mm, and 3 mm in term of length, width and thickness respectively. For the magnets of the magnetic circuit, they are limited to the size of 8 mm of diameter and 1 mm of thickness. Further, Terfenol-D and PZT-5H are selected as material for the MS and PE layers respectively due to the high magnetoelectric coupling coefficient that can be ensured in this case.
Developed design

Developed finite element model
In this work, finite element analysis study is conducted to investigate and optimize the converter performance. As first, the two principles, electromagnetic and magnetoelectric, are investigated and optimized using finite element analysis. Figure 2 (a) presents the developed model for the electromagnetic, which consist of a 2 D axi-symmetric model. The model comprises two magnets placed in repulsive direction presenting the magnetic spring principle.
Once a vibration is applied to the converter, one magnet is moving freely relative to the bottom fixed magnet as shown in Fig. 2 (a) . A coil is arranged surrounding the moving magnet through which a voltage output is generated based on Faraday's law. For the ME converter, as it is presented in Fig. 2 (b) , it consists of a magnetic circuit defined by two cylindrical magnets, within that the magnetoelectric transducer is defined, which consists of three layers; one piezoelectric layer bonded between two magnetostrictive layers. For the position and size of the magnetic circuit and the magnetoelectric transducer, they are investigated in previous studies in [9] . In this study, the model is mainly investigated to evaluate each single principle behaviour and generated energy level as well as the influence of combining both principle on each others in term of generated energy level. As results through the finite element analysis, the magnetic field variation and the output voltage are evaluated. 
Simulation results
In this section, the evaluation of the generated voltage through the electromagnetic and the magnetoelectric converter as single converter and while combined together. The magnetic flux density is calculated for a 1 mm of displacement. Figure 3 presents the magnetic flux density and the output voltage for the case of the use of single magnetoelectric converter and combined magnetoelectric converter with the electromagnetic. The maximum reached magnetic flux density level is equal to 0.32 T and 0.39 T for the ME converter without and with the presence of the electromagnetic principle, respectively. This has a direct effect on the output voltage, which shows an increase by 20 % in the case of the presence of the coil (Fig. 3) . This enhancement is due to the presence of an added magnetic field generated through the surrounding coil, which will lead to higher magnetostriction through the MS layers based on the direct ME effect, hence the improvement of the voltage output through the piezoelectric layer. In the following, influence of the magnetoelectric on the electromagnetic converter is studied. As it is shown in Fig. 4 , the voltage output through the coil increases from 300 mV to 360 mV pk-pk in the case of single and hybrid electromagnetic converter, respectively. This improvement is due to the fact that once the MS layers are strained, a magnetization change occurs through the MS layers based on the inverse effect. Hence, the surrounding coil receives as well this magnetic field change. Based on Faraday's law, the induced voltage through the coil is proportional to the magnetic field passing through it. Therefore, the induced voltage through the coil for the hybrid electromagneticmagnetoelectric converter is greater than in the single electromagnetic converter.
Experimental evaluation and discussion
Experimental setup
The proposed converter is tested and evaluated in the laboratory under different applied vibration values, which are generated by means of an electrodynamic shaker set.
To do so, an experimental setup is settled, where a laser sensor is used to measure the applied vibration on the converter. The converter output is then measured via a digital oscilloscope. Figure 6 presents the schematic of the designed converter. The proposed solution consists of the implementation of the ME transducer within the relative large coil housing of the electromagnetic converter, which enables to improve the energy output of the vibration converter compared to a single electromagnetic or magnetoelectric vibration converter without increasing significantly the size of the converter. For the converter design, the magnetic spring architecture is used to transmit the applied vibration to the converter, which consists of placing one moving magnet in repulsive direction to a fixed magnet. This ensures a better robustness and a large working frequency range for the converter compared to the use of the cantilever beam architecture. Main components properties for the converter design are illustrated in Table 1 . Within this design, the coil and ME transducer, the two energy sources, are fixed to ensure a stable wire contact for the output measurement. 
Results and discussion
In the following, results about the generated voltage through the single converters are presented as well as the effect of the combination of both electromagnetic and magnetoelectric converters on the generated energy is evaluated. Figure 7 presents the output voltage through the single magnetoelectric converter. The converter is tested under harmonic excitation for 1 mm of applied amplitude and a frequency range between 14 Hz and 30 Hz. A maximum peak-to-peak voltage of 2.11 V is achieved. 
Conclusion
This work presents a new solution for harvesting energy from ambient vibration source. The developed hybrid converter is based on electromagnetic and magnetoelectric principles. Results have shown that the combination of both principles led to a positive cross influence between both principles, which conducts to the improvement of the energy density level of the converter. Further, both principles can harvest energy due to a same magnetic field change, which leads to have a more compact converter. The converter design is optimized in a way that both principles can work independently, which enhances the reliability and robustness of the converter. In addition, magnetic spring principle is used to transmit the applied vibration to the converter, which improves the converter robustness as well as its frequency bandwidth. To conclude, the converter is experimentally evaluated and able to generate a power density level ∼0.1 mW/cm 3 with a frequency bandwidth of 12 Hz and a resonant frequency of 24 Hz and an applied displacement of 1 mm.
